Abstract. Ribosomal protein S15A (RPS15A), a member of the ribosomal protein gene family, was demonstrated to be closely associated with tumorigenesis in multiple human malignancies. Nevertheless, the role of RPS15A in the progression of renal cell carcinoma (RCC) remains unknown. In the present study, by comparing the publicly available data from RCC tissues and reverse transcription-quantitative polymerase chain reaction results, it was identified that RPS15A was upregulated in RCC tissues and cell lines (P<0.001). Notably, knockdown of RPS15A suppressed 786-O cell proliferation (P<0.001) and promoted its apoptosis/necrotic (P=0.0001) in vitro. Additionally, tumour formation and growth of transfected 786-O cells were observed to be restrained in a mouse model (P<0.05). Subsequent to analysing the microarray data, 747 genes were differentially expressed in the RPS15A-knockdown 786-O cells. The enriched canonical pathways, diseases and functions of differentially expressed genes, and the interactive network of RPS15A in RCC were successfully constructed by ingenuity pathway analysis. Overall, the present results provided a preliminary experimental basis for RPS15A as a novel oncogene and potential therapeutic target in RCC.
Introduction
Ribosomal proteins (RPs) are a family of RNA-binding proteins that have primary roles in ribosome biogenesis and protein translation (1) . Previous data suggested a close association of the extraribosomal functions of RPs with cell growth and proliferation (2, 3) , apoptosis (4, 5) , DNA repair (6) , cellular development (7) and differentiation (8, 9) . Ribosomal protein S15A (RPS15A), a member of the RP gene family, was highly expressed in hepatic cancer (10) , glioblastoma (11, 12) , non-small cell lung (13) and colorectal cancer (14) .
In colorectal cancer, RPS15A depletion contributed to cell cycle arrest and cell growth suppression via p21 upregulation and cyclin-dependent kinase (CDK)1 downregulation (14) . The p53 pathway, well documented for its anticancer functions (15) , was significantly activated in RPS15A-specific short hairpin RNA (shRNA)-expressing lentivirus (Lv)-shRPS15A-infected A549 cells (16) . In another previous study, the knockdown of RPS15A induced lung cancer cell apoptosis (13) . RPS15A may additionally contribute to glioblastoma growth, proliferation and migration via the protein kinase B pathway, and the knockdown of RPS15A may significantly inhibit B cell lymphoma 2 and activate caspase-3 and poly (ADP-ribose) polymerase (11, 12) . Overall, the majority of the previous studies indicated that the dysfunction of RPS15A is significantly associated with tumorigenesis in human malignancies. However, the role of RPS15A in the development of renal cell carcinoma (RCC) remains unknown.
RCC was reported to be the seventh most common cancer, with >350,000 people diagnosed worldwide in 2013 (17) . Despite numerous advances in the systemic treatment of RCC over the past years, including targeted therapies, the life expectancy of patients remains generally unsatisfactory due to the side effects and tolerance of these drugs. Based on the increasing number of patients with RCC and prevalence of resistance to currently available drugs (18) , the identification of novel target pathways remains an active area of RCC (17) .
The aim of the present study was to investigate the expression levels and functions of RPS15A in RCC. Through analysing data from multiple patient cohorts, and validating its expression in RCC cell lines, the results revealed that RPS15A was overexpressed in RCC. Additionally, the function of RPS15A in RCC was further examined in vitro and in vivo using RCC cells transfected with Lv-shRPS15A. A regulatory network of RPS15A was also constructed. Thus, the present study provided evidence that RPS15A may serve a potential role in the tumorigenesis of RCC.
Materials and methods
Data collection and analysis. The gene expression data of RPS15A in kidney cancer tissues were collected from The Cancer Genome Atlas (TCGA; cancergenome.nih.gov) and included 507 cancer samples and 72 adjacent normal tissues. Differential analysis was performed and visualized using starBase V2.0 (19) . In the validation tests, data from the Oncomine database (www.oncomine.org) were collected (20) , with a cut-off value of a fold change >1.5 and P<0.05.
Cell culture. Normal human renal cells (HK-2), 293T and the RCC cell lines 786-O and Caki-1 were obtained from The Shanghai Biological Institute (Shanghai, China). The 786-O, 293T and HK-2 cells were cultured in RPMI 1640 medium with 10% foetal bovine serum, and Caki-1 cells were grown as a monolayer to a subconfluent state in Falcon tissue culture dishes in McCoy's 5A medium (all Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% FBS. All cells were cultured in a 37˚C humidified incubator with 95% air and 5% CO 2 . The cultured cells were washed briefly with PBS, harvested with a rubber policeman, frozen in liquid nitrogen and stored at -80˚C until further use.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was isolated from the cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and RT of 2.0 µg total RNA was performed using the M-MLV kit (Promega Corporation, Madison, WI, USA), both according to the manufacturer's protocol. The primers used for qPCR were as follows: RPS15A forward, 5'-CTC CAA AGT CAT CGT CCG GTT-3' and reverse, 5'-TGA GTT GCA CGT CAA ATC TGG-3'; GAPDH forward, 5'-TGA CTT CAA CAG CGA CAC CCA-3' and reverse, 5'-CAC CCT GTT GCT GTA GCC AAA-3'. GAPDH was used as an endogenous control. qPCR was performed using SYBR-Green Real-Time PCR Master Mix (Agilent Technologies, Inc., Santa Clara, CA, USA) and measured using a CFX96 Real-Time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) to quantify RPS15A expression levels. The thermo cycling conditions were as follows: 30 sec at 95˚C, followed by 45 cycles of 5 sec at 95˚C and 30 sec at 60˚C. Following amplification, melting curve analysis was performed to calculate the product melting temperature. Relative gene expression levels were calculated using the 2 -ΔΔCq method and normalized to GAPDH (21) .
Lentiviral vector construction and cell infection.
To knockdown RPS15A expression, an shRNA sequence targeting the human RPS15A gene (shRPS15A; NM_001019) was designed: Sense, 5'-CCG GGT GCA ACT CAA AGA CCT GGA ATT CAA GAG ATT CCA GGT CTT TGA GTT GCA CTT TTT G-3' , antisense, 3'-CAC GTT GAG TTT CTG GAC CTT AAG TTC TCT AAG GTC CAG AAA CTC AAC GTG AAA AAC TTA A-5'. A non-targeting shRNA was designed as the control: 5'-GCG GAG GGT TTG AAA GAA TAT CTC GAG ATA TTC TTT CAA ACC CTC CGC TTT TTT-3'. The stem-loop-stem oligos were subsequently synthesized, annealed and inserted into the linearized vector GV115 (Shanghai GeneChem Co., Ltd., Shanghai, China) to generate the reconstructed vector.
Recombinant lentiviral vectors and packaging vectors (1.8x10 9 TU/ml) were subsequently co-transfected into 293T cells (>1x10 6 Western blot analysis. Lv-shRNA-transduced cells were washed twice with ice-cold PBS and lysed in 2X lysis buffer (100 mM Tris-HCl, pH 6.8; 2% mercaptoethanol; 20% glycerinum; 4% SDS). The lysates were centrifuged at 12,000 x g for 15 min at 4˚C, and the supernatant was collected and stored at -80˚C prior to use. BCA Protein Quantitation kit used for protein determination. Proteins were loaded (30 µg each well) and separated by 10% SDS-PAGE and transferred onto polyvinylidene membranes (Merck KGaA, Darmstadt, Germany). The membranes were blocked for 1 h at room temperature with 5% non-fat milk. Subsequently, the membranes were incubated with the following primary antibodies overnight at 4˚C: Mouse anti-Flag (1:2,000; cat. no. F1804; Sigma-Aldrich; Merck KGaA), rabbit anti-RPS15A (1:1,000; cat. no. AP4804a; Abgent, Inc., San Diego, CA, USA) and mouse anti-GAPDH (1:2,000; cat. no. sc-32233; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). On the second day, the membranes were washed using TBS + 0.1% Tween-20 and incubated with the following horseradish peroxidase-conjugated secondary antibodies: Goat anti-rabbit immunoglobulin (Ig)G (1:2,000; cat. no. sc-2004) and rabbit anti-mouse IgG (1:2,000; cat. no. sc-2005; both Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. Proteins were visualized using the Enhanced Chemiluminescence-PLUS/kit (cat. no. RPN2132; Amersham; GE Healthcare, Chicago, IL, USA) according to the manufacturer's protocol. GAPDH served as the loading control.
Cell proliferation and apoptosis/necrosis detection. A Celigo
Fluorescent Scanner (Nexcelom Bioscience, Lawrence, MA, USA) was used to detect the number of lentivirus-transduced 786-O cells expressing GFP for 5 consecutive days, and growth curves of cells and colonies were constructed. For the MTT proliferation assay, lentivirus-transduced 786-O cells were seeded into 96-well plates with 2,000 cells/well. MTT (20 µl; 5 mg/ml; Gen-View Scientific, Inc., El Monte, CA, USA) was used according to the manufacturer's protocol, and DMSO was used to dissolve the purple formazan crystals. The absorbance of each well was measured at 490 nm using a microplate reader, and cell proliferation curves were plotted according to the optical density values.
For the apoptosis/necrosis assays, the collected cells were washed with binding buffer at room temperature and subsequently stained with Annexin V-APC (cat. no. 88-8007; eBioscience; Thermo Fisher Scientific, Inc.) in the dark at room temperature for 15 min prior to flow cytometric analysis. Apoptosis/necrosis was measured using the FACSAria III flow cytometer (BD Biosciences, San Jose, CA, USA).
Xenograft model. For tumorigenesis evaluation in vivo, female BALB/c nude mice (age, 4 weeks; weight, 20-22 g) were purchased from Shanghai Linchang Biotechnology (Shanghai, China). Mice were raised in a specific pathogen-free environment at 25˚C, 40-70% humidity with a 12-h light/dark cycle; the mice were allowed to move freely and had free access to food and water. The mice were divided randomly into two groups (n=8/group), including the shRPS15A group and the Lv-shCtrl group. In total, ~2x10 7 shRPS15A and shCtrl cells were inoculated into the right armpit of mouse in each group. The body weights of the mice and bi-dimensional tumour measurements were taken once each week for 7 weeks, and the tumour size was estimated using the standard formula π/6 x L x W x W; where L represents length and W represents width. The mice were sacrificed following seven measurement periods, and the tumour tissues were measured and weighed. All experimental procedures and animal work were conducted under the principles and procedures by The National Institutes of Health (Bethesda, MA, USA) and approved by the Animal Ethics Committee of West China Hospital (Chengdu, China).
Gene chip and bioinformatic analyses. Total RNA was isolated from shRPS15A-and shCtrl-transduced 786-O as aforementioned. The quality of total RNA was evaluated by its concentration and A260/A280 ratio, and the integrity was evaluated using the Agilent RNA 6000 Nano kit (Affymetrix; Thermo Fisher Scientific, Inc.). Gene expression profiling was performed using the GeneChip ® PrimeView™ Human Gene Expression Array (cat. no. 901838; Affymetrix; Thermo Fisher Scientific, Inc.) covering >36,000 transcripts and variants. Subsequent to preparing a total RNA/Poly-A RNA control mixture, 100 ng total RNA was reverse transcribed (2 h at 42˚C, followed by 1 h at 16˚C and 10 min at 65˚C), labelled, purified and fragmented using the GeneChip 3'IVT PLUS kit (Affymetrix; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Hybridization, washing and staining were performed using the GeneChip Hybridization Wash and Stain kit (Affymetrix; Thermo Fisher Scientific, Inc.) in a GeneChip Hybridization Oven 645 and a GeneChip Fluidics Station 450. The arrays were subsequently scanned using a GeneChip Scanner 3000 7G (Thermo Fisher Scientific, Inc.). The signal histogram, relative signal box plot and Pearson's correlation (signal) methods were used to control the quality of the gene chip analysis. All the data analyses were first performed in R (v3.2.2; www.r-project.org) using Bioconductor (www.bioconductor.org) to verify the differential expression of genes. The probe number and fold change (FC) information (ratio of the expression amounts of the treatment and control groups) of the gene chip was analysed using Ingenuity Pathway Analysis (IPA; Ingenuity Systems; Qiagen, Inc., Valencia, CA, USA). Interaction networks were constructed using the model of network creation algorithm in IPA with a cut-off of |FC| >1.5 and P<0.05.
Statistical analysis.
All values are presented as the mean ± standard deviation, and experiments were repeated in triplicate. The data of two groups were compared with an unpaired standard Student's t-test using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). For comparisons that involved >2 groups, one-way analysis of variance with the Tukey-Kramer post-hoc test was used. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of RPS15A in RCC samples and cell lines.
The RNA-seq data from TCGA was analysed, and the expression of RPS15A was identified to be significantly higher in RCC compared with the normal group (FC=1.89; P<0.001; Fig. 1A ). In the 72 paired RCC tissues, RPS15A expression was further identified to be higher in RCC compared with the adjacent normal tissues (FC=1.73; P<0.001; Fig. 1B) . Subsequently, the overexpression of RPS15A was validated in multiple RCC cohorts from the Oncomine database (P<0.05; Table I ). These data suggested that RPS15A was highly expressed in RCC tissues.
To determine whether the high expression of RPS15A transcripts exists in RCC cell lines, RT-qPCR was performed to detect the RPS15A mRNA expression levels in 786-O, Caki-1 and HK-2 cells. Among them, the 786-O and Caki-1 cell lines highly expressed RPS15A mRNA compared with the HK-2 cells (P<0.001; Fig. 1C ). (38) of RPS15A in RCC, RPS15A expression in 786-O cells was knocked down using stable Lv-shRPS15A. The 786-O cells were infected with Lv-shRPS15A or Lv-shCtrl. Subsequently, the infection efficiency was calculated to be >80% according to the ratio of GFP-expressing cells to total cells under a fluorescence microscope at 72 h post-transduction ( Fig. 2A) . RT-qPCR and western blot assays were used to examine the targeted gene silencing effects of Lv-shRPS15A in 786-O cells (Fig. 2B and C) . Subsequently, the growth and proliferative abilities of Lv-shRPS15A-infected and Lv-shCtrl-infected 786-O cells were examined by Celigo counting and MTT assay, respectively. From the cell fluorescence images and cell growth curve diagrams, the cell growth rate in the Lv-shRPS15A group was significantly inhibited compared with the Lv-shCtrl group (P<0.05; Fig. 3A and B) . Additionally, the MTT assay was performed, and the proliferation of Lv-shRPS15A-infected cells was decreased compared with the Lv-shCtrl-infected cells at the time points of 2, 3, 4 and 5 days (P<0.001; Fig. 3C ). The results suggested that the depletion of RPS15A significantly inhibited the growth and proliferative abilities of 786-O cells in vitro.
Lv-shRPS15A-mediated knockdown of RPS15A inhibits the growth and proliferation of 786-O cells. To study the function
Lv-shRPS15A-mediated knockdown induces the apoptosis and necrosis of 786-O cells.
To examine the underlying mechanism of RPS15A in RCC cell apoptosis/necrosis, Annexin V-APC staining was performed, and the percentage of apoptotic/necrotic cells was assessed by flow cytometry. Compared with the Lv-shCtrl group, the proportion of apoptotic/necrotic cells was significantly higher in the Lv-shRPS15A group (9.75±0.44% vs. 5.76±0.22%; P=0.0001; Fig. 3D ). This result suggested an association between RPS15A and 786-O cell apoptosis/necrosis; the knockdown of RPS15A may trigger apoptosis in RCC cells; however, this requires further investigation.
Lv-shRPS15A-mediated knockdown of RPS15A inhibits tumour formation and growth in vivo.
To test the potential role of RPS15A in RCC cell growth in vivo, a nude mouse xenograft model was established (Fig. 4A and B) . From the curves of tumour formation, it was observed that the daily xenograft growth volume of the Lv-shRPS15A group was significantly decreased compared with the Lv-shCtrl group (P<0.05; Fig. 4C ). Additionally, the average weight of xenografts from Lv-shRPS15A-injected mice was 0.189±0.137 g, which was decreased compared with the control group (0.683±0.225 g) at week 7 post-injection (P<0.05; Fig. 4D ). These results demonstrated that the knockdown of RPS15A expression decreased the growth of tumours in size and weight, which suggested an important function of RPS15A in RCC tumour formation in vivo.
Identification of differentially expressed genes in lentiviral-transduced 786-O cells. The Affymetrix GeneChip
® PrimeView™ Human Gene Expression Arrays were used to determine differences in gene expression levels in total RNA samples between Lv-shRPS15A-and Lv-shCtrl-infected 786-O cells. In total, 747 genes were identified as differentially expressed. Among these, the expression levels of 469 genes were upregulated and 278 genes were downregulated (Fig. 5) .
Pathway, functional enrichment and interaction network analyses of RPS15A. To further examine the associated signatures and functions of RPS15A in RCC, the microarray information was analysed by IPA. The data demonstrate the enrichment condition of differentially expressed genes in canonical signalling pathways (Fig. 6A) , and it was identified that subsequent to silencing RPS15A, multiple signalling pathways were enriched, including the 'Fcγ receptor-mediated phagocytosis in macrophages and monocytes' and 'EIF2 signaling' pathways. Additionally, in the disease and functions enrichment analysis it was identified that the knockdown of RPS15A may induce the alteration of numerous biological functions, such as 'cell death and survival', 'cellular growth and proliferation' and 'cellular development' (Fig. 6B) .
Subsequently, the interaction networks of genes were integrated based on microarray data and previous reports (Fig. 7) . The results demonstrated a multiple gene network of RPS15A in RCC. In this network, no upregulated genes were noted. Among the downregulated genes, cell division cycle 42, cyclin dependent kinase inhibitor 1C (CDKN1C), DNA damage inducible transcript 3 (DDIT3), eukaryotic translation initiation factor 4E binding protein 1 (EIF4EBP1), heat shock protein family A (Hsp70) member 5 and MYC proto-oncogene, bHLH transcription factor (MYC) were predicted to be the upstream genes of RPS15A, but also detected to be downregulated following the silencing of RPS15A. These data further suggested an indirect and complicated association between RPS15A and these signatures in the regulation of proliferation and apoptosis in RCC cells.
Discussion
RPs, initially thought to be 'housekeeping' genes, are now considered to be associated with tumorigenesis due to their diverse extraribosomal functions (9) . The dysregulation of RPS15A was observed to serve a key role in multiple tumours (22) . The present study aimed to examine the function of RPS15A in RCC, and detected abnormally high expression levels of RPS15A in RCC samples and cell lines. This high expression suggested a malignant function of RPS15A in RCC. Using an Lv-mediated RNA interference system, the suppression of RPS15A notably inhibited 786-O cell proliferation and induced its apoptosis and necrosis. Additionally, the transfected cells demonstrated a decreased ability of tumour formation and growth in vivo. Furthermore, it was identified that 469 genes were upregulated and 278 were downregulated in the Lv-shRPS15A group using gene chip analysis and a genetic interaction network of RPS15A in RCC was mapped using IPA analysis.
By summarizing the IPA outcomes, it was observed that subsequent to knocking down RPS15A in 786-O cells, the functional signalling pathway of 'cell death and survival' and 'cellular growth and proliferation' were altered. Furthermore, the possible signalling pathways involved were evaluated, such as 'Fcγ receptor-mediated phagocytosis in macrophages and monocytes'. Fc receptor (FcR) activation was demonstrated to be tightly regulated to prevent immune responses, and cytokines associated with inflammation were able to increase FcR avidity (23) . Additionally, in the inflammation environment, tumour-associated macrophages contribute to RCC progression and tumour angiogenesis (24) . These data demonstrated that multiple regulatory signalling pathways are involved in the RPS15A network, which were important in RCC development.
Downstream of RPS15A, CDKN1C was recognized as a negative regulator of cell proliferation and tumour invasion (25) , and DDIT3 was activated by endoplasmic reticulum stress, which was responsible for an anti-proliferative effect (26) . These genes were downregulated, suggesting decreased activities. Additionally, MYC was identified as a hallmark gene in multiple cancer cells (27) . The MYC/EIF4E axis was previously observed to induce mammalian target of rapamycin (mTOR) inhibition in small cell lung cancer, and EIF4EBP1, the upstream direct inhibitor of EIF4E, was observed to be unaltered in this axis (28) . However, these genes were identified to be downregulated in RPS15A-knockdown 786-O cells and the findings provided preliminary evidence on the changes in signalling pathways and related molecules. MYC is a key inducer of the oncogenic pathway, regulating the antitumor immune response through cluster of differentiation 47 and programmed death-ligand 1, and its gene expression is closely associated with disease stage and an adverse prognosis (28) (29) (30) . EIF4EBP1 encodes a member of the family of translation repressor proteins. The expression levels of phosphorylated EIF4EBP1 was demonstrated to be a prognostic predictor in patients with RCC (31, 32) , and it may serve as a funnel factor that converges the upstream proliferative oncogenic signals (33) . Previous studies have indicated that eukaryotic translation initiation factor 4E-binding proteins (which have three family members: EIF4EBP1, 2 and 3) mediate the effect of mTORC1 to promote cell proliferation; however, not growth (thus regulating the number, but not the size), of mammalian cells (34, 35) .
There are some limitations for the present study. Only 786-O cells were used in the functional experiments owing to the potential tumour heterogeneity in different cell lines, such as metastatic RCC cell line, Caki-1 cells. However, the results provide new evidence that enriched the interaction relationships of RPS15A, in which the specific molecular mechanisms are still waiting to be explored.
In conclusion, the present study confirmed that RPS15A is highly expressed in RCC samples and cell lines. Suppression of RPS15A successfully inhibited 786-O cell growth and induced cell apoptosis and necrosis. The direct effects of RPS15A on promoting tumour progression through various potential intracellular signalling pathways indicated RPS15A as a potential therapeutic target in RCC. Regulator effects analysis and interaction networks of genes. The predicted downregulated molecules are marked in green. CDKN1C, cyclin dependent kinase inhibitor 1C; DDIT3, DNA damage inducible transcript 3; EGFR, epidermal growth factor receptor 1; EIF4EBP1, eukaryotic translation initiation factor 4E binding protein 1; ERBB2, erb-b2 receptor tyrosine kinase 2; FOXO1, forkhead box O1; HSPA5, heat shock protein family A (Hsp70) member 5; MYC, MYC proto-oncogene, bHLH transcription factor; RPS15A, ribosomal protein S15A; SNAI1, snail family transcriptional repressor 1.
